The interaction of herpes virus particles with BSC1 ceils was studied with purified virus particles labelled in the DNA and coat proteins. Intact virions adsorbed to the cell within 3 hr, a process not affected by inhibitors of nucleic acid and protein synthesis. Heparin, a negatively charged polysaccharide, interfered with the interaction of the virions with the cell membrane, and released vMons attached to the cell surface. After entering the cytoplasm, some virus particles were associated with large structures. The virus particles were uncoated by existing cellular enzymes and naked viral DNA, but not the coat proteins, was gradually transported into the nuclei.
INTRODUCTION
The molecular events which accompany the adsorption of animal viruses to host cells, the engulfment of virus particles into the cytoplasm and the release of the viral nucleic acid from the coat (uncoating) were recently summarized by Joklik (1966) . Most of the information has been obtained from the study of two groups of viruses which replicate in the cytoplasm of the host cell, namely, RNA-containing poliovirus (Joklik & Darnell, I96i ) and DNA-containing vaccinia virus (Joklik, I964a, b) .
The adsorption and penetration of herpes virus and adenovirus into infected cells and their appearance in cytoplasmic vacuoles have been studied by electron microscopy (Morgan et al. I959; Epstein, Hummeler & Berkaloff, 1964; Holmes & Watson, 1963; Dales, 1962) . Also, attention was given to substances like heparin and sulphated polysaccharides which inhibit the adsorption of herpes virus particles to host cells (Takemoto & Liebhaber, I96I; Nahmias & Kibrick, x964; Takemoto & Fabish, 1964; Vaheri & Cantell, I963; Benda, 1966) . The development of techniques for purifying viruses and studying the fate of viral components (Joklik, I964a, b, I966) allows the study of the early events concerned with the interaction of herpes simplex virus particles with host cells. The present communication deals with: (I) the time course of virus adsorption to cells and the need of virus integrity for adsorption; (2) the mechanism of virus and cell interaction and the effect of heparin on this process; (3) the intracellular site of the adsorbed virus; and (4) the uncoafing and the transportation of viral DNA to the nuclei of the infected cells. E. HOCHBERG AND Y. BECKER
METHODS

Virus, cells and medium.
The HF strain of herpes simplex virus was plaque purified and propagated in BSC1 cells. The methods of preparing stock virus and of infecting cells were described by Levitt & Becket (1967) . BSC1 cells were grown in milk dilution bottles and in 6o ram. Petri dishes using Eagle's medium (1959) supplemented with lO% calf serum. The concentration of leucine in Eagle's medium was reduced to o.oo8 naM when radioactive leucine was used to label the viral coat protein (Olshevsky, Levitt & Becket, 1967) . Herpes simplex virus particles were also labelled with radioactive thymidine.
Radioactive isotopes. The infected cells were labelled with [3H]-or [~4C]thymidine (specific activity I6OO and 3o c/mole, respectively) added to the infected cultures 6 hr after infection, or with [taC]leueine (specific activity I65 mc/m-mole). The radioactive isotopes were purchased from the Radiochemical Centre, Amersham, England. Usually, 2 #c of each isotope were added per 2 x lO 6 cells. Samples containing radioactive isotopes were precipitated with cold 20% trichloracetic acid, collected on Millipore falters and counted in a Packard liquid scintillation counter.
Isolation and characterization of the herpes simplex virus. The infected cells were harvested and the nuclear and cytoplasmic fractions were obtained . From both fractions herpes virus particles were isolated in sucrose gradients as previously described . The opalescent bands in the sucrose gradients containing the particles were carefully removed and the volume measured. The infectivity titre of each preparation was determined by plaque assay . The optical density, E 26o, and the amount of radioactivity in each preparation were also determined (Table I) .
Determination of interaction of virus with cells. Two methods were used. (I) The virus was adsorbed for 3 hr after which the cells were washed and an agar overlay was added. After the development of plaques, the cells were stained with neutral red (I/3OOO) and the number of plaques counted . (2) At different times after infection with purified labelled particles, the cultures were washed and scraped into RSB buffer (to -~ M-KC1, io -2 M-tris, pH 7"4, I'5 x Io -n M-Mg~+; Warner, Knopf & Rich, 1963) . The cells were disrupted with a glass Dounce homogenizer and the nuclei were separated from the cytoplasmic fraction by centrifugation for 2 rain. at 6oo g. The nuclear fractions, and, when necessary, also the cytoplasmic fractions, were disrupted by treating for 6o sec. in a MSE ultrasonic disintegrator. Cells were also dissolved in 1% sodium dodecyl sulphate. The amount of radioactivity in the total cell homogenates and in the different cell fractions was determined.
DNase treatment. Samples of nuclei and cytoplasm were each treated with IOO/zg. DNase (2 x crystallized, obtained from Worthington Co., U.S.A.), and incubated for 3o rain. at 37 ° in the presence of lO -2 i-Mg 2+. The samples were precipitated with trichloracetic acid, and the amount of radioactivity before and after DNase treatment was determined.
Sucrose gradient analysis. At 3 and 6 hr after infection, cytoplasmic and nuclear fractions, as well as cell homogenates, were analysed on sucrose gradients (15 to 3o %, (w/w) prepared in RSB buffer). The samples were centrifuged for 5o min. at I5,OOO rev./min, in the SW 25" I rotor of the Beckman model L-2 ultracentrifuge at 7 ° (Levitt & Becker, I967) . The gradients were fractionated and each fraction was divided into two portions: one was treated with DNase (35 #g./fraction in the presence of Io -~ M-Mg ~+) and incubated for 30 rain. at 37 ° before trichloracetic acid treatment, while the other was immediately precipitated with trichloracetic acid. The radioactivity was determined in a Packard liquid scintillation counter. The material which sedimented to the bottom of the centrifuge tube was obtained, resuspended in RSB buffer and centrifuged in a sucrose gradient (I5 to 30%) for 6 rain. at 60o0 rev./min. (Joklik & Becker, I964) .
lnhibitors of virus adsorption and macrornolecular synthesis. Heparin (Nutritional Biochemicals Co., U.S.A.) was dissolved in Eagle's medium and added to the cultures at different concentrations during or after the addition of virus. Inhibition of DNA synthesis was achieved by the addition of Ioo #g./culture of cytosine arabinoside (obtained from the Upjohn Co., U.S.A.) as described by Levitt & Becker (I967) . Protein synthesis was inhibited by the addition of puromycin Ioo #g./culture (Nutritional Biochemicals Co., U.S.A.) and nucleic acid synthesis was inhibited by actinomycin D 5 #g./culture.
Destruction of virus integrity.
The purified herpes simplex virus particles were treated with deoxycholate (Nutritional Biochemicals Co., U.S.A.) final concentration 1%. This treatment released viral DNA which was completely susceptible to DNase treatment (Becker, unpublished results) .
Stability of viral DNA was determined according to the method developed by Joklik (I964a, b).
RESULTS
Adsorption of virus particles to BSC1 cells
Adsorption of herpes simplex virus to BSC1 cells was studied by using a crude suspension of virus at a low multiplicity of infection (300 p.f.u./2 x 106 cells) and a highly purified virus preparation labelled in the DNA with radioactive thymidine at a high multiplicity of infection (about 300 p.f.u, per cell). Both methods gave similar results Table I . Infectivity and radioactivity in purified virus preparations
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Herpes virus particles were isolated in sucrose gradients from infected cells, labelled with [3H]thymidine throughout the infectious cycle. The amount of radioactivity before and after DNase treatment and infectivity were determined for each virus and are expressed as a ratio of the E z6o. (Fig. I ). The attachment of herpes virus to the cell surface was rapid and occurred within the first 30 min. after addition to the cells. Virus adsorption continued at a lower rate until 3 hr, after which very little virus attached to the cells. About 90 % of the virus determined by infectivity was adsorbed to the cells. In contrast, only 20 to 30 % of the radioactive virus particles were found to be associated with the cells. This might be explained by the large input of radioactive virus per cell. The interaction of intact radioactive herpes virus particles with the cells was not affected by cytosine arabinoside, actinomycin D or puromycin, at concentrations inhibiting DNA, RNA and protein synthesis, respectively. The drugs were added to the cells at the time of infection. The need for intact virus particles for adsorption was demonstrated using labelled particles treated with deoxycholate when no viral radioactivity adsorbed to the cells ( 
The effect of heparin on the interaction of virus particles with host cells
One hundred #g. heparin added to monolayers of BSCI cells together with 250 p.f.u. herpes virus prevented most of the virus from adsorbing to the cells (Fig. 2) . In the presence of heparin 5 % of the infectious virus was able to adsorb to the ceils and was not released from association with the ceils by intensive washing with a buffer solution.
The herpes virus particles which had adsorbed to and penetrated into the cells were able to proceed with the infectious cycle with no interference by heparin present in the culture medium. To confirm that it acted on the initial stages of virus interaction of herpes with the cells, heparin was added either immediately after the addition of virus (Fig. 3 A) , or at the end of the 3 hr adsorption period (Fig. 3 B) . Fresh medium was added at the end of the adsorption period and the cultures were incubated at 37 ° with [3H]thymidine (]/zc/culture added 6 hr after infection). Twenty-one hr after infection the cells were harvested and the amount of virus progeny obtained in sucrose gradients was compared to that obtained from untreated infected cells (Fig. 3 C) that a few particles were able to adsorb, penetrate and replicate in the cells even in the presence of heparin.
To localize further the mode of action of heparin, herpes virus particles were adsorbed to BSCx cells and heparin was added to part of the cultures at different times. The cultures were reincubated and samples were withdrawn at different time intervals. The cultures were washed with buffered saline and the amount of cell-bound virus was determined. When the infectivity of the virus preparations was used, the washed cultures were covered with agar and the number of plaques developing after further incubation was determined (Fig. 4A ). When labelled virus was used, the washed cultures were dissolved and the amount of cell-associated virus was determined (Fig. 4B) . whenever heparin was added to the infected cultures, about 50 ~/o of the adsorbed particles were released from the cell surface. 
Intracellular localization of infecting herpes virions
The next series of experiments was aimed at studying the intracellular fate of cellbound herpes virus particles. For this purpose cells were infected with labelled virus and the cytoplasmic fraction was analysed on a sucrose gradient. About two-thirds of the radioactive virus present in the cytoplasm sedimented to the bottom of the centrifuge tube while the remainder banded in the sucrose gradient in the region of intact virus particles and at the top of the gradient (Fig. 5) . The radioactivity in the pellet and in the virus band was partially resistant to DNase treatment while the radioactivity at the top of the gradient was sensitive to DNase. These results indicate that particles which are partially resistant to DNase ( 6 . The nature of the radioactivity in the pellet of the sucrose gradients. BSCz cultures were infected with purified herpes virus particles labelled in the DNA. At 3 hr after infection the cells were washed, harvested and the cytoplasmic fraction was centrifuged in a sucrose gradient (15 to 30 %, w/w) at 15,ooo rev./min, for 50 min. The pellet was removed from the bottom of the sucrose gradient, resuspended in RSB buffer and divided into two portions: one was centrifuged on a sucrose gradient (15 to 30 %, w/w) for 6 rain. at 6000 rev./min. (A) and the second portion was sonic-treated for i min. before centrifugation in a sucrose gradient (15 to 30 %, w/w) for 50 rnin. at ]5,000 rev./min. (B). The gradients were collected and the radioactivity (e ,') and DNase resistant radioactivity (©--©) were determined; P = pellet. associated with heavy structures during the first 3 hr after infection. Treatment of the infected cells with heparin before sucrose gradient analysis removed about 50 % of the radioactivity present in the pellet of the cytoplasmic fraction, indicating that membrane structures (like the cell membrane) sediment to the bottom of the sucrose gradient. The radioactivity present in the petlet was further analysed: half of this material (Fig. 6A ) was centrifuged for 6 min. at 6ooo rev./min, in a sucrose gradient 05 to 3o %) and the other half ultrasonically treated before centrifugation under the conditions used for virus isolation (Fig. 6B) . About 20 % of the radioactivity centrifuged at low speed (Fig. 6A) indicating the presence in the cytoplasm of heavy structures containing viral components. However, when the material was treated by ultrasonic vibration before centrifugation the radioactivity sedimented to the region of mature herpes virions. Radioactive viral DNA, sensitive to DNase, was also found at the top of the gradient, probably DNA released from virus particles.
Uncoating of herpes virus particles and transport of viral DNA from the cytoplasm to the nuclei
The fate of herpes virus particles in the cytoplasm and nuclei of infected cells was determined by the method of Joklik (I964a, b) . First it was found that all the radioactive viral DNA present in the infected cells was stable and not degraded by cytoplasmic enzymes, since no acid soluble radioactivity was detectable. About 50 to 60 % of the labelled virus was resistant to DNase and was found in the cytoplasm of the infected cells (Fig. 7A) . This curve describes the time course of virus-cell interaction; however, the time course of the transfer of viral DNA into the nuclei (Fig. 7 B) differed. There was a gradual increase in the amount of radioactivity in the nuclei, which was all sensitive to DNase, indicating that about 3 o to 4o ~o of the viral DNA present in the cells had been released from the protein coat before entry into the nuclei (Fig. 7B) . When particles labelled in the coat proteins were used, radioactive viral proteins, in contrast to the viral DNA, were not transported into the nuclei (Fig. 7 C) . The presence of a constant amount of radioactive proteins in the nuclear fraction might have indicated contamination with cytoplasm. The transport of viral DNA from the cytoplasm to the nuclei of the infected cells was found not to be affected by puromycin, cytosine arabinoside, or actinomycin D, at concentrations which inhibit the synthesis of proteins, DNA and RNA.
DISCUSSION
The experiments presented in this communication deal with the events which take place during and after the interaction of herpes simplex virus particles with BSC 1 cells. Radioactively labelled virus particles were isolated from nuclei and cytoplasmic fractions of infected cells and the two virus preparations were found to be equally infectious. This result indicates that nuclear virus particles are as infectious as cytoplasmic virus particles which contain an additional lipid envelope (Wildy & Watson, 1962) . The relationship between the number of p.f.u, and radioactivity was determined. This might make possible the evaluation of the number of p.f.u, adsorbed per infected cell and the number of uncoated DNA genomes. In a typical experiment (Fig. I) radioactive particles (It 8 counts/min.) were adsorbed to the cells. This is equivalent to 17 x It 7 p.f.u, per 2x Io 6 ceils in the infected culture. Each cell had adsorbed 85 p.f.u, of virus, of which 4o ~o were finally uncoated. The particle:infectivity ratios of purified preparations were found to be It by Watson, Russell & Wildy (I963) .
In interpreting the experimental results concerning the adsorption of herpes simplex virus to cells it is important to know the purity of the virus preparation. In addition to the virus particles which are present in the virus band, obtained by the sucrose gradient technique, cellular components labelled in DNA, proteins or lipids might also be present. Therefore, the distribution of cellular components present in uninfected ceils or in infected cells which were kept in an arginine deficient medium (Becker, Olshevsky & Levitt, I967) were studied, after labelling the cells with radioactive thymidine, leucine and choline, respectively. It was found that there is a background of radioactive proteins and lipids in the region of the gradients similar to that of the virus band. A negligible background was obtained when DNA was tested. Therefore, following the fate of virus labelled in the DNA provides direct information on the fate of the virus particles. The similar time course of adsorption of two virus preparations labelled in the DNA and in the proteins (Fig. 7A and C, respectively) indicated that the use of virus preparations labelled in the protein is also possible. Further work is being done on the nature of the lipids present in the virus band obtained by the sucrose gradient technique.
Adsorption of herpes simplex virus to the surface of the infected cells starts immediately after the virus particles are added. This was determined by measuring the number of adsorbed infectious units by means of the plaque technique and the amount of radioactively labelled particles attached to the cell surface. The number of particles on the cell surface gradually increased until 3 hr after infection. This phenomenon was not affected by inhibitors of protein and nucleic acid synthesis. The particles must be intact in order to be able to associate with the cells.
The use of heparin, a negatively charged polysaccharide, provides evidence that the first step in the attachment of the virion to the cell surface is electrostatic in nature (Takemoto & Fabish, 1964; Benda, 1966) . The experiments presented in this paper confirmed these findings and also show that treatment with heparin can cause the release of virions already adsorbed to the cell membrane. After the initial adsorption stage, the virions are incorporated into the cells and become resistant to the action of heparin. The latter does not interfere with the events of virus replication. This stage might be equivalent to the engulfment of virions by the cell membrane (Epstein et al. I964) .
The subsequent steps in virus adsorption and penetration were studied by analysing the cytoplasmic fraction of the infected cells. About half of the radioactive virus particles could be removed from the cell surface by treatment with heparin. The radioactively labelled particles which were firmly bound to the ceils were found in the cytoplasm, part as virus particles and part associated with heavy structures which sedimented to the bottom of the sucrose gradient. The latter might represent the cytoplasmic lysosomes, while the free radioactive virus particles might have been released from disrupted cytoplasmic structures or not yet incorporated into them. These findings are in agreement with the electron microscope studies on herpes virus (Epstein et al. I964) and adenovirus (Dales, I962), which demonstrated the existence of viruscontaining vacuoles.
The time course of uncoating of viral DNA and its transfer from the cytoplasm to the nucleus is not affected by the inhibition of nucleic acid and protein synthesis. This indicates that the viral DNA is released from its coat by pre-existing cellular enzymes, in contrast to the synthesis of uncoating enzymes in vaccinia virus-infected cells (Joldik, I964a, b) . There is a gradual increase in the amount of uncoated viral DNA in the nuclei of the infected cells leaving the viral coat proteins in the cytoplasm. Dales (1962) described a similar phenomenon by means of electron microscopy of adenovirus infected cells. These results indicate that viral DNA is uncoated in the cytoplasm and rapidly transferred into the nuclei by an unknown mechanism which is not affected by inhibitors of nucleic acids and protein synthesis. Six hr after infection about 4 ° ~o of the viral DNA is present in the nuclei, enabling virus replication to commence (Levitt & Becker, I967; Olshevsky et al. I967) .
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